The Mesoproterozoic Atar Group, Taoudeni Basin, Mauritania, preserves a spectacular diversity of stromatolite morphologies, including stromatolitic biostromes comprised of the conical form Conophyton, the enigmatic branching conical form Jacutophyton, and a variety of irregularly branching forms, including Tilemsina and Baicalia. Until now, the peculiar juxtaposition of high-and low-relief stromatolite morphologies has posed a conundrum for environmental interpretation of stromatolite forms, and has led to interpretations of strict biological control over stromatolite morphology. Careful assessment of superpositional relationships among stromatolite elements, however, suggests that the diversity of stromatolite morphologies in the Atar Group can be readily explained via parasequence-scale sea-level changes and the incomplete and laterally discontinuous fi lling of accommodation space. In the Atar Group, biostrome growth initiates during relative rises in sea level with the widespread, subtidal nucleation of Conophyton. Exposure of Conophyton to wave energy during falls in relative sea level result in disruption of stromatolitic laminae, generation of interstromatolitic debris, and development of both superimposed and laterally adjacent branching stromatolite forms. In this scenario, the enigmatic stromatolite form Jacutophyton represents stromatolite growth through a complete depositional parasequence, and the unusual juxtaposition of stromatolite forms refl ects growth of different forms that is separated by time and depositional environment. With subsequent rises in sea level, nucleation of new Conophyton in subtidal regions, and continued growth of branching forms and aggradation of the depositional substrate in intertidal regions, results in continued modifi cation of sea-fl oor topography. In the model presented here, stratigraphic time is partitioned both vertically and laterally during biostrome growth, resulting in a complex internal architecture that is not readily discerned in outcrop. In connecting hydrodynamic variables to stromatolite morphology, this model provides a more comprehensive understanding of Atar Group stromatolites in terms of basin geometry, relative sea level and carbonate production.
INTRODUCTION
Whereas stromatolite microfabrics are generally believed to refl ect a combination of microbial community growth, decomposition and lithifi cation (Golubic, 1976; Bertrand-Sarfati, 1983; Turner et al., 1993; Knoll & Sergeev, 1995; Kah & Knoll, 1996; Knoll & Semikhatov, 1998; Grotzinger & Knoll, 1999; Lee & Golubic, 2000; Reid et al., 2000) , stromatolite morphology appears to be affected more strongly by physical depositional factors, particularly water depth, wave energy and sediment infl ux (Cloud & Semikhatov, 1969; Semikhatov et al., 1979; Semikhatov & Raaben, 1994 Andres & Reid, 2006) . As a result, stromatolitic laminae, which record both microscale and macroscale growth processes, are arguably the most fundamental aspect of stromatolite morphology (Walter, 1992) . Each lamina represents the active growth surface of the mat at the time of deposition and therefore records the topography of the depositional surface (i.e. synoptic relief, Hofmann, 1969; Donaldson, 1976) , the relative rates of stromatolite growth and sediment infi lling (i.e. wall structure, Hofmann, 1969; Semikhatov et al., 1979) and the infl uence of wave and/or current action on mat growth (i.e. stromatolite elongation, Hoffman, 1967; Logan et al., 1974) . Not only do laminae closely record the morphology of a microbial mat on the seafl oor, but the geometry of successive laminae also produces a record of microbial mat growth over time that is refl ected in stromatolite morphology. More recently, process-oriented models (Grotzinger & Rothman, 1996; Grotzinger & Knoll, 1999; Dupraz et al., 2006) have emphasized the importance of laminae geometry by using variable interface parameters including surface roughness (mat growth and degradation), upward growth (mineral precipitation) and surface dampening (draping sedimentation) to simulate lamina accretion and stromatolite morphogenesis.
The relationship between stromatolite morphology and depositional setting has been examined in a number of key studies (Hoffman, 1974; Donaldson, 1976; Grey & Thorne, 1985; Bertrand-Sarfati & Moussine-Pouchkine, 1985) . These studies, summarized by Hoffman (1976) and Grotzinger (1989) , indicate that specifi c stromatolite morphologies represent distinct depositional settings and are well correlated with inferred palaeowater depth, water energy and sediment supply. Upper intertidal to supratidal environments are characterized by stromatolites with low synoptic relief, frequently associated with intraclastic debris. Intertidal to shallow subtidal (above fair weather wave-base) environments are characterized by relatively low-relief domal and irregular columnar stromatolites associated with intraclastic and/or fi ne-grained de trital material. Deeper subtidal (below fair weather wavebase) environments are characterized by high-relief columnar to conical stromatolite forms that lack evidence of interstromatolitic sediment deposition. Empirically, relationships between stromatolite morphology and inferred depositional parameters appear relatively robust, yet similar relationships observed in modern environments highlight potential variability resulting from local and regional variation in accommodation space, hydrodynamic regime and patterns of sediment deposition (Andres & Reid, 2006) .
The Proterozoic Atar Group, exposed along the northern edge of the Taoudeni Basin in Mauritania, Mali and Algeria, preserves a spectacular diversity of stromatolite morphologies, including three distinct biostromes composed of the conical stromatolite form Conophyton, the enigmatic branching conical stromatolite Jacutophyton and a variety of irregularly branching forms, including Tilemsina and Baicalia (Bertrand-Sarfati, 1972; BertrandSarfati & Moussine-Pouchkine, 1999) . These bioherms, herein referred to as Atar Formation biostromal units R1-R3, show striking stratigraphic similarity in both western (Mauritania) and eastern (Mali-Algeria) sections of the Taoudeni Basin, and have been interpreted as regional reef tracts that played a critical role in basin development (Bertrand-Sarfati & Moussine-Pouchkine, 1992 Moussine-Pouchkine & BertrandSarfati, 1997) .
Two aspects of the Atar Formation biostromes, however, pose a conundrum for an environmental interpretation of stromatolite morphology. First, biostromal intervals do not exhibit the large-scale changes in geometry that are commonly observed in stromatolite reefs and interpreted as resulting from changes in sea level or accommodation space (Grotzinger, 1989; Narbonne & James, 1996; Turner et al., 1997; Lemon, 2000) . Second, peculiar juxtaposition of conical and branching stromatolite forms (Fig. 1) , such as laterally adjacent Conophyton and Jacutophyton or Conophyton and Tilemsina, which typically occur in distinct depos itional environments, has been used to conclude that microbial community structure, rather than depositional environment, may exert the primary control over stromatolite morphology (Bertrand-Sarfati & Moussine-Pouchkine, 1985) .
Recent work in the Mesoproterozoic Dismal Lakes Group provides a framework for interpreting the enigmatic relationships observed in the Atar Group biostromes . The Dismal Lakes reef consists of a thin (<40 m), laterally extensive (>2400 km 2 ) biostromal complex that contains both exceptionally high-relief (up to 15 m) conical stromatolites and lower relief domal and columnar forms. In the Dismal Lakes Group, relationships among stromatolites are best explained in terms of the sea-level history of the platform, wherein high-frequency (i.e. parasequence-scale) sea-level changes produce a complex internal reef architecture, which results from lateral juxtaposition of facies across non-horizontal timelines . High-relief conical stromatolites initiated during major transgression and refl ect transgressive and highstand stromatolite growth. Subsequent sea-level fall exposed the tops of these conical stromatolites, creating a sequence boundary that traced the rugged seafl oor topography delineated by the decametre-scale synoptic relief of the stromatolites. During the sea-level cycles that followed, lower-relief domal and columnar stromatolites grew on this rugged surface, fi lling space between the high-relief cones. The resultant stromatolite biostrome exhibits lateral partitioning of time, with conical stromatolite growth dominating during relative sea-level rise and domal to columnar stromatolite growth occurring during times of lower accommodation space .
In this paper, we provide a stratigraphic interpretation of the enigmatic Atar Formation Conophyton-Jacutophyton biostromes. Here, we (1) document superpositional relationships among stromatolitic elements in the Atar Formation biostromes; (2) interpret stromatolite growth in terms of relative sea-level change; and (3) explore stromatolite and sea-level relationships in terms of basin geometry and Proterozoic carbonate dynamics.
GEOLOGICAL SETTING AND AGE
The Taoudeni Basin, West Africa, preserves up to 1300 m of gently dipping (<1°), unmetamorphosed, and virtually undeformed Proterozoic strata that crop out in a sinuous belt spanning >1500 km from Mauritania to northern Mali and Western Algeria (Fig. 2) . Strata unconformably overlie Archaean amphibolite and quartzo-feldspathic schists and Palaeoproterozoic granitic intrusions of the Reguibat Shield (Black & Fabre, 1983; Trompette & Carozzi, 1994) and are in turn unconformably overlain by Vendian (or Cambrian) and younger strata (Clauer & Deynoux, 1987; BertrandSarfati et al., 1995) .
Proterozoic strata of the Taoudeni Basin are typifi ed by well-exposed sections in the Adrar Mountains of Mauritania, where the succession is subdivided into three unconformity-bounded groups (Figs 2 and 3) . Potentially correlative and similarly subdivided strata are also exposed in the Hoggar uplift of Algeria Bertrand-Sarfati et al., 1991 Moussine-Pouchkine & Bertrand-Sarfati, 1997) and in several poorly studied exposures in the southern Taoudeni Basin (Bertrand-Sarfati & Moussine-Pouchkine, 1983; Bertrand-Sarfati et al., 1987) . At the base of the succession, coarse-to fi ne-grained siliciclastic strata and subordinate carbonates of the Char Group are preserved as erosional remnants in cratonal depressions and represent initial mantling of the craton by fl uvial, coastal aeolian and shallow-marine deposits (Benan & Deynoux, 1988) . In contrast to the Char Group, fi ne-grained siliciclastic strata, stromatolite-bearing carbonate and minor evaporitic strata (Goodman & Kah, 2004) of the Atar Group represent craton-wide fl ooding and deposition in predominantly shallow marine environments . The overlying Assabet el Hassiane Group is composed of deep to shallow marine, fi ne-grained siliciclastic strata (Trompette & Carozzi, 1994; Moussine-Pouchkine & Bertrand-Sarfati, 1997) .
The most lithologically variable of these successions, the ~750 m thick Atar Group, consists of ten formations that record alternating deposition of stromatolite-bearing carbonate and siliciclastic material ( Fig. 3 ; Bertrand-Sarfati & MoussinePouchkine, 1988 . The basal Foum Chor (unit I-3) Formation is markedly more coarsegrained than the remainder of the Atar Group, and consists primarily of fi ning-upward, coarseto medium-grained fl uvial to fl uvial-marine sandstones that onlap both the Reguibat Shield and deeply incised strata of the Char Group. Remaining formations (Ksar Torchane, unit I-4; Atar, unit I-5; Oued Tariofet, unit I-6; Tawaz, unit I-7; Oued Terrarit, unit I-8; Aouinet Ould Bou Derbala, unit I-9; Aouleigate, unit I-10; Touiderguilt, unit I-11; and Tifounke, unit I-12) preserve regionally extensive depositional packages of siltstone and shale alternating with stromatolite-bearing carbonate and subordinate evaporites. Spectacular stromatolite biostromes of the Atar Group (R1-R3 of the Atar Formation, unit I-5) are the focus of this study. The presence of hummocky crossstratifi cation, wave and interference ripples, and lenses of fl at-pebble conglomerates in siliciclastic strata suggests predominantly shallow subtidal to intertidal depositional environments. Subtidal to intertidal depositional environments are also inferred from stromatolite morphologies in the Atar Group (Bertrand-Sarfati, 1972; BertrandSarfati & Moussine-Pouchkine, 1985) , suggesting that the alternation of siliciclastic and carbonate strata may result primarily from regional climatic or tectonic activity and the episodic infl ux of siliciclastic material from source areas outside the Taoudeni basin (Bertrand-Sarfati & MoussinePouchkine, 1988; Moussine-Pouchkine & Bertrand-Sarfati, 1997) .
The age of the Atar Group is poorly constrained. Rb-Sr geochronology (Clauer, 1976 (Clauer, , 1981 Clauer et al., 1982) performed on glauconite and illite in shaly intervals provide ages from 998  32 Ma (Azougi Formation, unit I-2, underlying Char Group) to >694 Ma (Assabet el Hassiane Group, unit I-15), with most formations in the Atar Although these Rb-Sr ages clearly represent diagenetic mineralization, the consistent decrease in ages through the stratigraphic column has been used to argue for early diagenetic stabilization of clay minerals and Neoproterozoic depositional ages for these strata. By contrast, recent C-isotope data from the Atar Group (Fairchild et al., 1990; Teal & Kah, 2005) reveal moderately positive  13 C values near +2‰ with several distinct negative excursions to nearly -2.5‰. The range of C-isotope values preserved in the Atar Group is inconsistent with the strongly positive values ( 13 C >+5‰) recorded in well-constrained isotopic compilations for the post-850 Ma Neoproterozoic Halverson et al., 2005) . Atar Group chemostratigraphy is also distinctly different from that of strata probably deposited in the earliest Neoproterozoic Bartley et al., 2001 ) and more closely refl ects isotopic patterns preserved globally in mid to late Mesoproterozoic strata Kah et al., 1999a; Bartley et al., 2001 Bartley et al., , 2007 Frank et al., 2003; ) , suggesting that the Atar Group may be as old as ~1200 Ma.
STROMATOLITE BIOSTROMES OF THE ATAR FORMATION

Lithology and sequence stratigraphic framework
Like the rest of the Atar Group, the ~125 m thick Atar Formation (unit I-5) consists of alternating fi ne-grained siliciclastic strata and stromatolitebearing carbonate (Fig. 3) . Siliciclastic intervals are composed primarily of dark coloured shale containing laterally discontinuous interbeds of fi ne-grained sandstone and a variable carbonate component. Basal siliciclastic strata contain abundant thin (<1 m thick) interbeds of fi ne-grained, fl at-laminated microbial carbonate and fl at-clast breccia, and mark shallow-water lowstand deposition following regional fl ooding and deposition of shallow-marine carbonate strata of the Ksar Torchane Formation (unit I-4). Similarly, stratigraphically higher siliciclastic intervals represent lowstand deposition following craton-wide fl ooding and development of the Atar Formation Conophyton-Jacutophyton biostromes ). Disappearance of fl at-clast breccias and fl at-laminated microbial carbonate interbeds in stratigraphically higher siliciclastic intervals and their replacement by small (<2 m thick) discontinuous bioherms of irregularly branching columnar stromatolites (Tungussia confusa; BertrandSarfati & Moussine-Pouchkine, 1999), as well as rare intervals of 'molar-tooth' carbonate (Furniss et al., 1998; James et al., 1998; Pollock et al., 2006) suggest shallow-marine deposition and overall greater accommodation space across the platform.
Carbonate-dominated intervals in the Atar Formation form three distinct stromatolite biostromes (R1-R3, 9-39 m thick; (Fig. 4a) , suggesting an abrupt decrease in accommodation space and impingement of storm wave base on the biostrome. Similarly, termination of the R2 biostrome is marked by a regional pavement of broken Conophyton and stromatolitic breccia ( Fig. 4b) , suggesting an abrupt decrease in accommodation space and prolonged exposure of the biostrome. By contrast, termination of the R3 biostrome is marked by a transition from dominantly conical stromatolites to a 10 m thick interval of irregularly branching forms (Baicalia safi a and Baicalia mauritanica; Bertrand-Sarfati & Moussine-Pouchkine, 1999) that are overlain by black shale and 'molar-tooth' carbonate of the lower Oued Tarioufet Formation (unit I-6). Gradational contacts between stromatolite morphologies in the R3 biostrome suggest a gradual decrease in accommodation space driven by ag gradational growth of the biostrome complex.
Combined, lithological and stratigraphic features indicate that the Atar Formation biostrome complexes developed during a series of thin (30-50 m thick) third-order stratigraphic sequences (Emery & Meyers, 1996; Miall, 1997) . The base of each biostromal complex is marked by a transgressive surface and initiation of deep-water stromatolite growth. Stromatolite growth continued during transgressive and highstand phases and was terminated by a loss of accommoda tion space, either by a fall in sea level or continued aggradation of the biostrome complex. Finally, biostromes are overlain by late highstand to lowstand, shale-dominated deposits. Relatively thin sequences and abrupt transitions between siliciclastic and carbonate facies refl ect a cratonal sedimentation regime (Bertrand-Sarfati & Moussine-Pouchkine, 1988), wherein minimal subsidence and the extremely low relief of the sedimentary substrate resulted in dramatic changes in depositional environment with even small changes in accommodation space.
Reef elements
Conical stromatolites
Conical stromatolites (Conophyton spp.) are the most common element of the Atar Formation biostromes (Fig. 5a) , and a number of form-taxa have been recognized, including Conophyton ressoti and Conophyton jacqueti (BertrandSarfati & Moussine-Pouchkine, 1985 . Conical stromatolites have steeply dipping (75°-90°) wall-parallel laminae, narrow and nearly vertical axial zones and high synoptic relief. Synoptic relief of a stromatolite above the seafl oor is delineated by the height of a single lamina, which represents the morphology of the seafl oor at the time of lamina formation (Hofmann, 1969) . Inheritance of antecedent topography in these stromatolites is high, and a single columnar structure often represents several distinct phases of stromatolite growth, with each cone growing directly atop the previous structure (Fig. 6a) . Thus, a column may be up to 4 m tall; however, no single lamina exceeds 2 m in height, indicating that individual stromatolites stood no more than 2 m above the seafl oor at any one time. Despite a generally uniform shape, differences in morphology are apparent. Cross-sectional shapes range from circular (C. ressoti) to elliptical (C. jacqueti; Fig. 6b ; see discussion in BertrandSarfati & Moussine-Pouchkine, 1999), and individual cones may display thickening of outer laminae, forming superfi cial protrusions along the outer surface of the cone (Fig. 6b) . Cones also show variable modifi cation after growth, including delamination (Fig. 6c ) and erosional incision (Fig. 6d ) of cone margins.
Individual conical stromatolites range in diameter from 10 to 50 cm and show interstromatolitic spacing of 5-70 cm. Interstromatolitic regions contain both platy breccia and fi ne-grained detrital carbonate, as well as several generations of precipitated carbonate cement (cf. Fig. 9 ; see descriptions below). The high synoptic relief of stromatolitic laminae suggests that conical stromatolites formed largely below wave base, in quiet-water environments, and that lithifi cation occurred largely through in situ carbonate precipitation (cf. Bertrand-Sarfati & Moussine-Pouchkine, 1985; Kah et al., 2006) . Although high synoptic relief may have inhibited incorporation of sediment from the water column into the Conophyton, the continuous walled nature of stromatolite margins and general absence of erosion resulting from sediment entrained within this water column supports the paucity of detrital sediment at the time of cone growth. Rarely, successive laminae in the basal 3-5 cm of conical stromatolites record an abrupt onlapping of fi ne-grained interstromatolitic sediment, suggesting that at least small amounts of detrital sediment may have been deposited during Conophyton growth. Combined, these observations suggest that interstromatolitic debris represents sediment deposition that occurred predominantly after stromatolite growth.
Branching conical stromatolites
Along with Conophyton, branching-conical stromatolites (Jacutophyton sahariensis) form conspicuous elements of the Atar Formation biostromes.
Jacutophyton consists of a central conical region, indistinguishable from Conophyton, that is surrounded by low synoptic relief, unwalled to moderately walled, columnar branches (Figs 5b, c and 7a). Branching elements are moderately to highly divergent from the central cone, extend up to 50 cm from the cone margin (Fig. 5b) , and are subcylindrical to petaloid in form, forming elliptical to elongate cross-sections that encircle the central cone (Fig. 5d) . With rare exception, branches initiate along a single laminae of the central cone (Fig. 7a) . In Jacutophyton, branching occurs along the entire height of the central cone, although in the Atar Formation biostromes, branching elements variously attributable to Baicalia or Tilemsina (Fig. 7b) are occasionally concentrated in the uppermost portion of the central cone or on pavements of broken or toppled Conophyton (Fig. 7c) . Interstromatolitic regions of Jacutophyton consist exclusively of platy breccia and several generations of precipitated carbonate cement ( Fig. 9 ; see descriptions below). The general absence of breccia between branching elements, and the presence of rare laminae that envelop numerous branches (Fig. 5b) , however, suggest that interstromatolitic debris was deposited primarily after the growth of branches.
Branching columnar stromatolites
Low-to moderate-relief columnar stromatolites comprise several morphotypes of variably branching columnar stromatolites with synoptic relief of no more than a few centimetres (Fig. 8) . Branches are typically moderately to highly divergent, producing stromatolites that widen upward. These forms have low to moderate inheritance and produce biostromes composed of numerous columns. Tilemsina divergens (Fig. 8a) and related forms are characterized by irregular unwalled margins of low synoptic relief (< 2 cm) and variably divergent, asymmetric branching. Branching columns of moderate relief include the form-taxa Tungussia confusa (Fig. 8b) , Baicalia safi a and Baicalia mauritanica ( Fig. 8c and d) . These stromatolites have columns that widen upward and branch at irregular intervals. Synoptic relief varies from nearly fl at (horizontal lamina) to ~8 cm. In the Atar Formation, stromatolites attributable to Tungussia occur only in the inter-reef shaly intervals, whereas Tilemsina and Baicalia both occur as reef elements.
Intercolumnar regions of branching stromatolites vary widely and can contain platy breccia, detrital microspar and several generations of precipitated carbonate cement (see descriptions below). Tilemsina, however, is associated exclusively with fi ne-grained platy breccia (Fig. 8a) , and Tungussia is associated exclusively with detrital microsparitic carbonate (Fig. 8b) . By contrast, intercolumnar regions of Baicalia are quite variable, often consisting of a generation of isopachous carbonate cement followed by deposition of detrital microsparitic carbonate (Fig. 8d) .
Interstromatolitic detrital carbonate
Two distinct forms of interstromatolitic debris occur within the Atar Formation reefs: interstromatolitic breccia and carbonate microspar. Interstromatolitic breccia consists of variably convoluted, platy fragments ( Fig. 9a-d ) that show distinct lamination and petrographic fabric indistinguishable from that of intact conical stromatolites. Clasts range in size from 1  3 mm to 7  25 mm and show variable degrees of hydrodynamic sorting. Coarse-grained debris, which shows the widest range of grain sizes and poor to moderate sorting, occurs exclusively in association with Conophyton and Jacutophyton (Fig. 9a-d) . Fine-grained debris shows the most hydrodynamic sorting and is found in association with all stromatolite types, although it is most prevalent in its association with Tilemsina (Fig. 8a) . Carbonate microspar is locally abundant as an interstromatolitic element, forming discontinuous, massive to weakly laminated, undulatory beds a few millimetres to > 50 cm thick. In addition to discontinuous beds, detrital microsparitic carbonate also occurs as later-stage, occasionally geopetal fi ll in voids formed by platy breccia (Fig. 9b and c) .
The lateral distribution of interstromatolitic material within the Atar Formation reefs is extremely variable. Beds of detrital microsparitic carbonate greater than 30 cm thick can envelop several adjacent Conophyton, yet not extend laterally for more than a few metres. Single Conophyton columns can also be enveloped by detrital microsparitic carbonate at one side and coarse-grained platy breccia at the other. The vertical distribution of interstromatolitic facies is equally as variable, with the margin of a single 1.5 m tall Conophyton contacting up to fi ve distinct layers of interstromatolitic fi ll.
Marine cement
Atar Formation stromatolite reefs contain locally abundant marine cement (up to 25% of interstromatolitic material). Marine cement forms multilayered isopachous rims within voids defi ned by interstromatolitic debris (Fig. 9a-d) and, more rarely, along stromatolite edges and the depositional substrate. These fi rst-generation cements are composed entirely of herringbone carbonate. Herringbone carbonate is an unusual carbonate morphology consisting of elongate crystals in which the c-axis rotates throughout growth, from parallel to perpendicular to crystal elongation (Sumner & Grotzinger, 1996a,b) , which results in a characteristic sweeping extinction parallel to crystal elongation direction (Fig. 9e-g ). This unusual mode of crystal growth is most prevalent as a seafl oor precipitate in the Archaean and as a void-fi lling cavity cement in younger successions (de Wet et al., 1999) , and has been attributed to both the presence of ferrous iron under conditions of regional anoxia (Sumner & Grotzinger, 1996b) and to the presence of locally elevated concentrations of dissolved inorganic carbon derived from remineralized organic matter (Tourre & Sumner, 2000) . In the Mesoproterozoic, extensive precipitation of herringbone carbonate is generally restricted to basinal facies (Kah et al., 1999b) , with its presence in platform deposits closely associated with transgressive surfaces . Later stage void-fi ll typically includes a single layer of isopachous bladed calcite, coarse blocky calcite spar and ferroan dolomite cement (Fig. 9a-d) .
PARASEQUENCE DEVELOPMENT OF STROMATOLITE BIOSTROMES
Superpositional relationships between and among reef elements can be used to determine the relative timing of deposition (or growth) of elements, as well as the morphology of the sedimentary substrate. Combined, these relationships permit a detailed evaluation of changes in accommodation space during development of the Atar Formation biostromes. The cratonal deposition regime represented by the Atar Formation biostromes, and the Atar Group as a whole (BertrandSarfati & Moussine-Pouchkine, 1988) , suggests that changes in accommodation space were most likely driven by changes in sea level. In terms of stromatolite development, sea-level changes would result primarily in changes in ambient water energy and the position of storm and fair weather wave-base.
On the scale of a single biostromal package (interpreted to represent a third-order sequence), sea-level history is fairly straightforward. The base of each biostrome (R1-R3) is marked by the presence of a thin, discontinuous interval of branching columnar stromatolites, typically of the form genus Tilemsina, whose irregularly divergent branching, low synoptic relief, and unwalled column structure indicate that accretion of stromatolitic laminae kept pace with deposition of hydrodynamically well-sorted, fi ne-grained platy breccia. These thin, discontinuous, highenergy beds are interpreted as transgressive deposits. By contrast, the main body of the reef consists primarily of Conophyton, whose steep-sided walls, synoptic relief and large heightto-width ratio indicate deposition in a lowenergy environment with little or no sedimentary infl ux. Such environments are typical of marine highstands, when accommodation space is at its greatest and backstepping of the shoreline inhibits sediment infl ux into the basin. Finally, each reef interval concludes with either a regional pavement of broken Conophyton (R1, R2) or the appearance of irregularly branching elements, each of which can be interpreted as refl ecting a loss in accommodation space associated with either sealevel fall or aggradational stromatolitic growth .
Within each third-order package, however, unusual vertical and lateral juxtapositions of stromatolite forms suggest a much more complex developmental history. Detailed superpositional relationships between and among reef elements, however, suggest that the complex juxtaposition of stromatolite forms can be interpreted in terms of parasequence-scale (fourth to fi fth order) changes in relative sea level. The most common and conspicuous elements of parasequences in the Atar Formation reef are Conophyton. These stromatolites represent dominantly subtidal (beneath storm wave-base; Donaldson, 1976; BertrandSarfati & Moussine-Pouchkine, 1985; Kah et al., 2006) stromatolite nucleation during marine transgression and upward growth throughout transgression and early highstand (Fig. 10a, V1-V6 ). Rare variation in Conophyton morphology, such as the presence of Conophyton with elliptical cross sections, irregular margins and occasional branch development ( Fig. 6b ; Conophyton jacqueti; Bertrand-Sarfati & Moussine-Pouchkine, 1999) may represent the presence of low-energy currents during Conophyton growth. The trajectory of parasequence formation, however, and the resultant complexity of individual parasequence ( Fig. 10 ; see below) depends critically upon the position of Conophyton with respect to wave base, the magnitude of parasequence-scale sea-level changes, and the lithifi cation history of the Conophyton.
If Conophyton tops are suffi ciently beneath wave base, aggradational growth may continue even during falls in relative sea level, resulting in Conophyton with the greatest synoptic relief. Alternatively, upward growth may simply terminate and become a nucleus for later Conophyton development (Figs 10a-c, V1 and 6a) . Parasequence complexity increases dramatically if, during falls in relative sea level, Conophyton tops are subjected to subaerial exposure or increased wave energy. High-energy storm events or prolonged subaerial exposure may topple cones, forming a substrate for subsequent microbial growth or terminating parasequence development (Figs 10b, V2 and 4a and b). Wave energy may also deeply erode fully lithifi ed cones (Fig. 6d) or delaminate poorly lithifi ed outer margins of the cones (Fig. 6c) . In the former case, upon subsequent rise in sea level, stromatolite growth may resume, with stromatolite morphologies (conical vs. branching) refl ecting the hydrodynamic conditions within the environment (Fig. 10b, V2 ). In the latter case, stromatolitic debris may be transported, hydrodynamically sorted and deposited in interstromatolitic regions (Fig. 10b, V3) , with lowstand nucleation and growth of stromatolites such as Tilemsina in high-energy environments between adjacent Conophyton (Fig. 10b, V4 ). During subsequent rises in sea level, nucleation of new Conophyton may occur on either exposed cone tops or on interstromatolitic detritus.
Additional complexity of parasequences occurs when falls in relative sea level expose Conophyton to wave energy, but interstromatolitic detritus is generally absent. In this case, disruption of the outermost laminae of living Conophyton (i.e. those with unlithifi ed outer margins) by wave energy would result in Conophyton encircled by partially delaminated microbial elements that, in turn, would form initial substrate for the petaloid branching elements characteristic of Jacutophyton (Fig. 10b, V5 ). Laterally adjacent non-living or more heavily lithifi ed Conophyton may experience either no delamination, or more extreme erosion (Fig. 6d) during lowstand. The absence of platy breccia between petaloid branches suggests that wave energy may not be suffi cient to create or transport signifi cant breccia, although some breccia may be deposited during latest lowstand. In the Atar Formation biostromes, Jacutophyton parasequences show the most variability upon subsequent sea-level rise, with new Conophyton nucleating adjacent to Jacutophyton, initiating atop the central cone of Jacutophyton (Figs 10c, V5a and 11a), or developing directly on Jacutophyton branches (Figs 10c, V5b and 11b) . In rare cases, subsequent growth of branching stromatolites (Fig. 10c, V5c) suggests sea-level rise insuffi cient to place microbial growth beneath wave-base.
Finally, if falls in relative sea level expose only the tip of Conophyton to wave energy, either because of the position of wave-base relative to stromatolites or the presence of abundant detrital material, branching can develop at the tops of living cones (Fig. 10b, V6 ). During subsequent sea-level rise, branching can develop into new cones, or into biostromes of irregularly branching columns depending on the hydrodynamic state of the environment. In the Atar Formation, this scenario is observed in the formation of Tilemsina on cone tops in the R1 and R2 biostromes (Fig. 7b) , in the appearance of branches on Conophyton jacqueti in the R3 biostrome V3b-V4b) , and development of Conophyton from branching elements of Jacutophyton (V5b). If, during subsequent sea level rises, the substrate remains within wave base, stromatolite growth is marked by development of irregular branching columns of Tilemsina and Baicalia (V6, V2b, V5c).
(cf. Bertrand-Sarfati & Moussine-Pouchkine, 1999) and in the gradational transition from Conophyton to Baicalia Safi a and Baicalia mauritanica at the top of the R3 biostrome (Fig. 10c, V6 ). The extraordinary variability of biostromal parasequences in the Atar Formation results, in part, from the vertically and laterally variable deposition of interstromatolitic material. Outcrop exposures record the small spatial scales (a few to a few tens of metres laterally, a few centi metres to tens of centimetres vertically) of variability, but do not permit detailed mapping of interstromatolitic debris. Laterally variable deposition probably results from the cratonal, regionally low-relief environments of the Atar Group , wherein variation in water energy (e.g. channelling of tidal surges, relief of the substrate), localized production of water-column carbonate (e.g. whitings) and restricted production of stromatolitic breccia (e.g. delamination of nonlithifi ed cones) act together to produce a mosaic of interstromatolitic facies.
Platy breccia facies are episodically stabilized by the precipitation of herringbone carbonate cement. Rarely, herringbone cement is observed coating both stromatolites and the sedimentary substrate. In these cases, the thickness of the stromatolitic component of a single parasequence (i.e. the height of a Conophyton) is typically 100-150 cm, yet the thickness of the detrital component may vary from only a few centimetres to tens of centimetres in thickness. As a result, parasequence boundaries can show dramatic lateral variability. the shelf during marine transgression , thick encrustations of herringbone carbonate within coarse-grained platy breccias (Fig. 9d) suggest that stabilization of the sedimentary substrate occurred over multiple parasequences. This scenario is supported by the presence of microsparitic detrital carbonate within herringbone-lined voids, which probably represents the winnowing of fi ne-grained detritus through a highly permeable substrate. If substrate stabilization is protracted through several sea-level cycles, it is possible that some parasequences within the Atar Formation reefs may have experienced signifi cant post-depositional modifi cation.
DISCUSSION
Idealized model for reef growth
Taken together, the development of Atar Formation biostromes on a low-relief, cratonal platform , the laterally variable thicknesses of parasequences and the possible post-depositional modifi cation of parasequences make deciphering the precise architecture of the Atar reefs diffi cult. Our understanding of parasequence development, however, allows construction of an idealized model for biostrome development that is a function of (1) regional platform geometry, which controls the position of the substrate relative to wave base and the total accommodation space available for stromatolite growth, and (2) the magnitude of parasequence scale (fourth or fi fth order) sea-level changes, which act to modify total accommodation space and the position of wave base. At distal craton margins, the steeper gradient of the substrate and potentially greater rates of subsidence should result in available accommodation space that is large relative to parasequence-scale sea-level changes. In this scenario, upward growth of conical stromatolites would remain uninterrupted by small-scale changes in sea level and low water energy would prohibit growth of branching stromatolites and the production and deposition of interstromatolitic detritus, resulting in a stromatolite tract that is dominated by high relief Conophyton (cf. Dismal Lakes reef, Donaldson, 1976; Kah et al., 2006) . Branching stromatolites such as Baicalia safi a and Baicalia mauritanica or the incipient branching of Conophyton jacqueti would form only with large magnitude falls in sea level or with the continued aggradation of stromatolite growth, which could potentially bring the biostrome top above wave base. Jacutophyton, which requires a signifi cant fall in eustatic sea level and exposure of entire cones to wave energy, would not be expected to form.
By contrast, over much of the cratonal platform, intermediate water depths and low depositional relief should result in environments in which parasequence-scale changes in sea level would exert a greater infl uence over stromatolite form, resulting in greater variability of stromatolite morphology within biostromes. In these regions, total accommodation space available for stromatolite growth relative to the magnitude of parasequence-scale sea-level changes is critical in the distribution of different stromatolite morphologies. First, larger magnitude sea-level rises would bring more of the cratonal platform beneath wave base, resulting in widespread development of conical stromatolites. Similarly, smaller magnitude sea-level changes would result in restricted spatial development of conical stromatolites. Second, during eustatic falls in sea level, deeperwater portions of the platform would experience less wave energy (perhaps episodic wave energy if between fair weather and storm wave-base), resulting in biostromes dominated by Conophyton and Jacutophyton. Similarly, shallower-water portions of the shelf would experience wave energy suffi cient to produce quantities of detrital material. In these regions, the biostrome would be dominated by Jacutophyton and the branching form Tilemsina, with sparse Conophyton refl ecting conical forms that were well-lithifi ed at the time of sea-level fall. Throughout these platformal regions, unusual juxtaposition of stroma tolite forms results not from penecontemporaneous growth, as previously inferred (Bertrand-Sarfati & Moussine-Pouchkine 1985 , but from laterally adjacent growth during distinct phases of sea-level cycles.
Shallowest regions of the craton should also contain a third, distinct stromatolite tract. In these regions, low overall accommodation space will result in deposition controlled mainly by parasequence-scale eustatic sea-level changes. Biostrome development should be absent except during brief periods of cratonal inundation and should be dominated by low-relief, irregularly branching stromatolite forms. In fact, high water energy might fully preclude development of Conophyton, with coniform growth represented only by the low-relief conical laminae of Baicalia safi a. Low synoptic relief of stromatolites and high rates of deposition of interstromatolitic debris will also result in parasequences that preserve much less lateral variability in thickness. When cratonal inundation is insuffi cient for stromatolite development, biostromes should be replaced by thin parasequences characterized by fi ne-grained detrital carbonate and/or fl atlaminated microbialites, with or without evaporite lithologies.
Implications for basin geometry and development of Atar Formation reefs
In light of the idealized model described above, several generalizations can be made regarding environments of deposition of the Atar Formation biostromes. The stratigraphically lower R1 and R2 biostromes record a complex juxtaposition of Conophyton, Jacutophyton and Tilemsina, and parasequences show lateral variability in thickness from a few centimetres to <2 m (i.e. the total synoptic relief of Conophyton present in the interval), with an average parasequence thickness of 60-70 cm. These reef intervals are interpreted as having formed in intermediate water depths along a broad expanse of the stable, West African craton. By contrast, the stratigraphically higher R3 interval preserves a very different stromatolite structure, which is dominated by large, high-relief Conophyton and typically lacks Jacutophyton and Tilemsina. Branching forms are rare except for several horizons containing the incipient branching Conophyton jacqueti and an upper interval dominated by Baicalia safi a and Baicalia mauritanica. The abundance of large Conophyton and relative lack of Jacutophyton suggests that accommodation space during deposition of the R3 interval was suffi ciently great that parasequence-scale changes in sea level were unable to expose stromatolite bases to wave energy. Gradual, rather than abrupt transitions to branching forms suggest, instead, that stromatolite aggradation was the main factor involved in decreasing accommodation space. Finally, recent fi eld ex ploration in central and eastern Mauritania has demonstrated that Atar Formation bioherms are laterally replaced by discontinuous thin (typically <5 m thick) stromatolitic intervals of low-relief, irregularly coniform to columnar stromatolites with possible affi nities to Baicalia safi a and Baicalia mauritanica and by thin (15-35 cm thick) laterally continuous parasequences of fi ne-grained detrital carbonate (Tourist Formation). Lithologies of central and eastern Mauritania strongly suggest a proximal cratonal setting, where development of stromatolitic build-ups is restricted to brief periods of cratonal inundation.
The parasequence structure throughout the Atar Formation stromatolite buildups suggests that it is unlikely that these buildups formed a regional barrier to wave or current energy, although stromatolites may have served as local baffl es to water energy and sediment transport. The interpretation that Atar Formation biostromes did not form regional hydrodynamic barriers differs markedly from previous interpretation of these biostromes as basin-forming, constructional high-relief reefs (Bertrand-Sarfati & Moussine-Pouchkine, 1992 Moussine-Pouchkine & Bertrand-Sarfati, 1997) . In the constructional reef model, based in large part on data collected in easternmost exposures of the Atar Group (Hank Group in Algeria), near the tectonic edge of the West African craton, stromatolite biostromes are interpreted to have stood 20-25 m above the seafl oor, in water depths >50 m (Bertrand-Sarfati & MoussinePouchkine, 1988). Reef margins dropped steeply at their edges, producing protected depressions devoid of sedimentary input during reef growth. The resultant platform geometry was one of stromatolitic platforms separated by rimmed depressions 15-20 m deeper than the platforms (Bertrand-Sarfati & Moussine-Pouchkine, 1992) . During sea-level fall, reef tops became exposed subaerially, shedding debris into intrashelf basins. Over the course of three sea-level cycles, intrashelf basins were fi lled with shale, marls and reef debris (Bertrand-Sarfati & MoussinePouchkine, 1992 ).
SUMMARY AND CONCLUSIONS
The Atar Formation (Mesoproterozoic Atar 1 Group, Taoudeni Basin, Mauritania) preserves a series of three stromatolite biostromal complexes. Biostromes initiated during successive third-order rises in sea level and terminated with the fi lling of available accommodation space, either via an abrupt fall in eustatic sea level (R1, R2) or the continued aggradational growth of stromatolitic facies (R3). In contrast to other stromatolitic complexes, the Atar Formation biostromes lack unambiguous, largescale changes in geometry (i.e. vertical stacking of expanding, contracting, or backstepping reef packages) associated with changes in sea level and accommodation space. They also preserve a peculiar juxtaposi tion of conical and branching stromatolite forms, which typically occur in distinct depos itional environments. Careful assessment of superpositional relation-2 ships among stromatolitic elements indicates that the diversity of stromatolite morphologies in the Atar Formation can readily be explained via parasequence-scale sea-level changes and the incomplete and laterally discontinuous fi lling of accommodation space. Each parasequence is represented by subtidal nucleation and growth of conical stromatolites during initial transgression and sea-level highstands, followed by a variety of complex interactions between production and deposition of interstromatolitic debris and stromatolite growth during sea-level lowstands. The character of lowstand depos ition is controlled by the amount of available accommodation space and wave energy, and the unusual juxtaposition of stromatolite forms refl ects lateral infi lling of accommodation space at different times under very different environmental conditions. In this scenario, the enigmatic stromatolite form Jacutophyton spp. represents a single depositional parasequence, wherein transgression and sea level highstand are marked by growth of the central cone, and sea level lowstand is marked by growth of superimposed branching columns and deposition of interstromatolitic debris.
Interpretation of the parasequential growth of 3 Atar stromatolites allows construction of an idealized model for biostrome development that is a function of regional platform geometry, which controls the position of the substrate relative to wave base and the total accommodation space available for reef growth, and the magnitude of parasequence-scale (fourth or fi fth order) sea-level changes, which act to modify total accommodation space and the position of wave base. In light of this model, the parasequence structure of the Atar Formation suggests that it is unlikely that stromatolite buildups formed a regional barrier to wave or current energy. This interpretation of Atar Formation biostromes as stacked, low-relief depositional parasequences differs markedly from previous interpretation of these biostromes as constructional, high-relief reefs that played an active role in development of inter-reef basins.
